We have studied the rheological behavior of concentrated cement suspensions in the absence and presence of comb polymers comprised of a polyacrylic acid (PAA) backbone and charge-neutral, poly(ethylene oxide) (PEO) teeth. These species possessed a uniform backbone molecular weight and graft density, with varying teeth molecular weight. Both PAA, a linear polyelectrolyte, and PAA/PEO comb polymers imparted initial stability to concentrated cement suspensions above a critical weight fraction, w* of 4 mg/(g of cement). Cement-PAA suspensions, however, set prematurely. Their rapid, irreversible stiffening stemmed from deleterious interactions between PAA and multivalent counterions in solution. Interestingly, the presence of PEO teeth comprised of only a few monomer units in length mitigated such interactions. The rheological property evolution of concentrated cement-PAA/ PEO suspensions exhibited complex behavior ranging from the reversible gel-like response observed at short teeth lengths to a remarkable gel-to-fluid transition observed during the deceleratory period for systems comprised of longer PEO teeth. At longer hydration times, all cement-PAA/PEO suspensions exhibited initial elastic modulus values, G i ϳ exp(t/ c ) before the onset of the acceleratory period, followed by initial set. Their characteristic hydration time, c , and set time depended strongly on the concentration of "free" carboxylic acid groups [COO ؊ ] arising from non-adsorbed polyelectrolyte species in solution.
I. Introduction
T HE rheological property evolution of concentrated cement suspensions is poorly understood, despite its importance on concrete mixing and placement. Cement pastes consist of multiphase particles with a broad size distribution (ϳ1-100 m) suspended in an aqueous medium. Particle interactions are dominated by long-range, attractive van der Waals interactions that must be overcome by electrostatic, steric, or other repulsive forces to induce the desired degree of suspension stability. 1 Polyelectrolyte-based additives, referred to as superplasticizers by the cement industry, are widely used to control the stability of concentrated cement suspensions. The first generation of these additives are linear polyelectrolytes, e.g., sulfonated naphthalene formaldehyde (SNF) and poly(acrylic acid) (PAA), that have one ionizable sulfonate and carboxylic acid group, respectively, per monomer unit. Second-generation superplasticizers are copolymers possessing a comb structure with PAA backbone and charge-neutral poly(ethylene oxide) (PEO)-based "teeth" grafted onto the PAA backbone at frequent intervals. Lewis et al. 2 have recently shown that cement pastes exhibit strong shear-thinning flow behavior in the absence of these additives. However, on the addition of a critical concentration of these species (i.e., both firstand second-generation superplasticizers), cement suspensions exhibited nearly Newtonian flow behavior indicative of improved stability. Such observations are in good agreement with interparticle force calculations, 2, 3 which predict that cement particles (mean diameter ϳ 10 m) would flocculate into a strong, primary minimum in the absence of polyelectrolyte additions, whereas they would flocculate into a shallow, secondary minimum in their presence.
The impact of superplasticizer molecular architecture on the rheological property evolution in concentrated cement suspensions has been a subject of recent interest. 4 -6 The use of PAA/PEO comb polymers leads to important processing advantages over linear polyelectrolytes, as comb polymers provide stability over much longer time scales than linear polyelectrolytes. However, the exact mechanism(s) by which they impart stability remains a subject of debate. Nawa et al. 7 hypothesized that the thick steric barrier stemming from the comb polymer architecture facilitates long-term stability, as hydration products "bury" the adsorbed layers over time. Kinoshita et al. , 8 however, have observed the opposite trend; i.e., cement-PAA/PEO suspensions with short PEO teeth (1000 g/mol) retain their stability over longer hydration times than cement-PAA/PEO suspensions with long PEO teeth (3000 g/mol). Yamada et al. 9 and Kreppelt et al. 10 hypothesize that such variations stem from differences in the concentration of "free" [COO Ϫ ] groups in solution, which suppress the nucleation and growth of hydration products.
Fundamental knowledge regarding the mechanisms by which PAA/PEO comb polymers impart stability to cement systems is required to optimize the comb polymer architecture and provide guidelines to develop the next generation of superplasticizers. This is a challenging problem to address, because cement particles undergo hydration reactions in aqueous media that yield concurrent changes in both solution and cement surface chemistry, and the formation of hydration products. Kirby and Lewis 3 have developed an oscillatory shear technique to probe the elastic modulus evolution (GЈ) of concentrated cement suspensions. In their approach, the "reversibility" of a cement particle network after a given hydration time is assessed by disrupting its structure under high shear, then measuring the rise of GЈ(t) under quiescent conditions. The dynamic probe of suspension structure offered by this approach, coupled with the analysis of dilute polymer solutions under analogous pH and ionic strength conditions and with analysis of the hydration behavior of concentrated cement suspensions (i.e., calorimetry and conductivity measurements), can help to elucidate the mechanisms by which the rheological property evolution occurs in a given cement system.
Here, we study the elastic modulus evolution of concentrated cement suspensions in the absence and presence of PAA and PAA/PEO comb polymers of varying PEO teeth molecular weight. Cement-PAA suspensions undergo rapid irreversible stiffening within a few minutes of hydration due to ion bridging interactions between the adsorbed PAA species and multivalent counterions that dissolve from the cement particles. In sharp contrast, the presence of PEO teeth comprised of only a few monomer units mitigate deleterious ion bridging interactions, thereby promoting cement suspension stability under conditions where pure PAA fails. With larger PEO teeth (i.e., 700 -3000 g/mol), cement-PAA/ PEO suspensions exhibit a remarkable gel-to-fluid transition during the deceleratory period. At longer times, all cement-PAA/PEO suspensions exhibit GЈ i ϳ exp(t/ c ) before the onset of the acceleratory period and a sharp rise in GЈ i after the onset of the acceleratory period. These findings are attributed to the hydration of C 3 A/gypsum and C 3 S, respectively, to form solid hydration products. The nonadsorbed PAA/PEO species interact with dissolved ions and solid nuclei to suppress the formation of solid hydration products, but, ultimately, the cement-PAA/PEO suspensions undergo initial set (i.e., C-S-H solid bridges form at the solid contacts of a gelled network).
II. Experimental Procedure

(1) Materials System
An ASTM type I ordinary portland cement (W. R. Grace & Co., Cambridge, MA) was used in this study. The cement composition, shown in Table I , was determined by X-ray fluorescence and Bogue analysis. 11 This ordinary portland cement powder had a specific surface area of 1.0 m 2 /g, mean diameter of 10.7 m, and particle size distribution ranging from 0.3 to 30 m as determined by BET (Model ASAP 2400, Micrometric, Norcross, GA) and particle size analysis (Model CAPA-700, Horiba, Ltd., Tokyo, Japan), respectively. PAA and PAA/PEO comb polymers 12, 13 served as dispersants in this study. Their chemical structures and molecular weights (M N and M w ) are described in Fig. 1 .012, and 0.008 M for dilute solutions of PAA, PAA/PEO100, PAA/ PEO700, PAA/PEO1000, PAA/PEO2000, and PAA/PEO3000, respectively. The solution pH was adjusted using either a 0.1 M HNO 3 or 0.1 M NaOH solution. Dilute polymer solutions with mono-and divalent salt additions were prepared under conditions where PAA is fully ionized (pH 9), 14, 15 whereas those with trivalent salt additions had to be prepared at pH 7.8 to avoid precipitation of lanthanum hydroxide, which would increase solution turbidity. After adjusting the ionic strength and pH, the solutions were magnetically stirred for 0.5 h for equilibration.
Dynamic light scattering measurements (Zetasizer 3000HS, Malvern Instruments, Ltd., United Kingdom) were conducted on dilute polymer solutions (pH 9) of varying salt concentration to determine their hydrodynamic radius (R H ) as a function of counterion concentration. A refractive index, n, of 1.53, 1.51, and 1.47 was used in the scattering experiments for PAA, PAA/PEO100, and PAA/PEO2000, respectively. Data analysis was conducted using the CONTIN algorithm by Provencher, 16 which provided a reasonable fit (i.e., less than 1% error). Turbidity measurements were conducted on dilute PAA and PAA/PEO solutions of varying salt concentration and counterion valency. The solution turbidity was determined by measuring the intensity of transmitted light ( ϭ 560 nm) through samples contained in glass cells. The raw data were normalized by the maximum and minimum transmitted intensities to determine the percent light transmittance.
(3) PAA and PAA/PEO Adsorption Behavior
The adsorption of PAA and PAA/PEO comb polymers on ordinary portland cement in aqueous suspension was determined by total organic carbon (TOC) analysis (Model DC80, Dohrmann), which provided a quantitative measure of the nonadsorbed fraction of such species in solution. Cement suspensions with a water-tocement ratio (w/c) of 0.35 (47 vol% cement) were prepared by adding an appropriate amount of cement powder to an aqueous stock solution of varying PAA or PAA/PEO weight fraction. After mixing for 5 min, suspensions were centrifuged at 2000 rpm for 10 min. The supernatant was immediately decanted and diluted with deionized water for TOC analysis. Several aliquots of each sample were measured, and an average value was reported on the basis of standard calibration curves (the correlation coefficient, R, was 0.998) obtained for polymer solutions of known composition.
(4) Hydration Behavior
Calorimetry and conductivity measurements were conducted to determine the hydration behavior of cement pastes and suspensions. Concentrated suspensions (w/c ϭ 0.35, cement ϭ 0.474) were prepared for calorimetry by adding the appropriate amount of cement to an aqueous stock solution of varying PAA/PEO weight fraction. The suspensions were hand-mixed for 30 s, capped, and placed in the calorimeter (Thermometric TAM AIR). The heat 
(5) Rheological Property Evolution
Oscillatory shear measurements were conducted on concentrated cement suspensions (w/c ϭ 0.35, cement ϭ 0.474) using a controlled-stress rheometer (Model CS-50, Bohlin Rheologi AB, Lund, Sweden) equipped with a vane tool geometry (cup diameter, 27.5 mm; vane diameter, 25 mm; vane height, 20 mm). 17 The suspensions were prepared by adding an appropriate amount of cement powder to aqueous stock solutions of varying PAA or PAA/PEO weight fraction. The samples were mixed under lowshear conditions for 60 s followed by high-shear mixing for 60 s to ensure homogeneity. After mixing, the suspensions were immediately transferred into the sample cup. The samples were presheared at a constant shear rate of 200 s Ϫ1 applied for ϳ60 s, which was initiated 5 min after cement contact with water. A thin layer of 1000-cP silicone oil was then placed on top of the suspension to prevent water evaporation. Modulus data were acquired as a function of time at a constant strain of roughly 0.02%. This value was selected to ensure that the samples remained in the linear viscoelastic region throughout the measurement. These data were acquired after 10 1-Hz oscillatory stress cycles (for a total time of 10 s between measurements). These measurements were repeated on cement suspensions that were first allowed to hydrate for varying times before subjecting them to an additional preshear at a shear rate of 200 s Ϫ1 for 60 s. Their modulus data were then collected following the same procedure outlined above for the fresh pastes. By monitoring the elastic property evolution in this manner, we could separate the observed GЈ evolution into both reversible and irreversible components, thereby allowing us to assess the influence of hydration phenomena on colloidal interactions and initial setting behavior.
III. Results
(1) PAA and PAA/PEO Solution Behavior
The R H of PAA and PAA/PEO comb polymers as a function of increasing salt addition is shown in Fig. 2 . On adding either monoor divalent salt species to pure PAA solutions, R H decreased rapidly from 4.7 nm to roughly 1.8 nm. This dramatic size decrease reflects a change in conformation from highly extended chains at low ionic strength to collapsed coils at high ionic strength. This collapse, driven by counterion interactions, 18, 19 reflects the reduced intersegment repulsion between screened COO Ϫ groups along the polyelectrolyte backbone. In sharp contrast to PAA, the PAA/PEO2000 species exhibited only a slight decrease in R H with decreasing pH or increasing ionic strength. The relative insensitivity of PAA/PEO2000 conformation on these conditions likely arises due to the presence of neutral PEO teeth attached at frequent intervals along the PAA backbone. These teeth prevent large conformational changes in response to counterion screening due to steric hindrance effects arising from PEO-PEO teeth interactions. Even the short PEO teeth (PAA/PEO100) were sufficient to suppress conformational changes in solutions of high ionic strength, although they were not as effective as the larger PEO teeth (PAA/PEO2000). It is important to note, however, that in both cases the extent to which internal rearrangements of the PAA backbone are suppressed is not fully known as some conformational changes could occur that do not induce dramatic changes in R H .
A 
Pure broad range of mono-, di-, and trivalent salt additions, whereas PAA/PEO100 solutions were only stable in the presence of monoand divalent salt additions. These solutions became turbid (unstable) on adding 0.008 M LaCl 3 .
(2) PAA and PAA/PEO Adsorption on Ordinary Portland Cement The adsorption of PAA and PAA/PEO comb polymers on ordinary portland cement from solutions of varying concentration is shown in Fig. 4 . PAA exhibited significantly stronger adsorption relative to PAA/PEO comb polymers. An important figure of merit is the w* at which the cement suspensions are observed to undergo a transition from strong shear thinning behavior to a nearly Newtonian flow response. Interestingly, a uniform adsorbed PAA/ PEO amount (⌫) of 1.6 mg/m 2 cement was required to induce stability for comb polymers with PEO teeth molecular weights of 700 -3000 g/mol. In each case, this coverage occurred at the same critical polymer concentration of 4 mg/(g of cement) in solution. For these systems, there was a significant amount of excess (or "free") PAA/PEO in solution after initial mixing, as reflected by differences between the 100% adsorption line and the data shown. PAA and PAA/PEO with the shortest teeth (100 g/mol PEO) possessed an analogous w* of 4 mg of PAA/PEO/(g of cement); yet, there was a significant increase in the adsorbed amount (⌫ p ϭ 3.5 mg PAA/PEO/(m 2 of cement)) at this critical concentration. Moreover, under these conditions, nearly all species were adsorbed onto the cement particle surfaces with little excess in solution.
(3) Hydration Behavior of Cement Pastes and Suspensions
The rate of heat evolution (dq/dt) as a function of hydration time is shown in Fig. 5 for pure cement pastes and cement-PAA/PEO suspensions prepared at the critical PAA/PEO weight fraction. The calorimetry curves are divided into three regions of hydration behavior: (1) deceleratory period, (2) induction period, and (3) acceleratory period. [21] [22] [23] The onset of the acceleratory period is of particular interest, because it reflects nucleation and growth of calcium silicate hydrate (C-S-H). This phase forms as a result of C 3 S hydration and generally coincides with the initial set of cement pastes. For the pure cement paste, the onset of the acceleratory period occurred at ϳ2 h hydration. In the presence of PAA/PEO species of increasing teeth length (i.e., 100, 700, 1000, 2000, and 3000 g/mol PEO), the onset of the acceleratory period occurred at ϳ18, 38, 30, 20, and 11.5 h, respectively. Beyond the onset of the acceleratory period, the area under the dq(t)/dt curves increased at a rate that varied with PEO teeth length (i.e., the respective slopes of the dq(t)/dt curves were 0.25, 1.0, 1.0, 1.0, and 0.22 mW/(g⅐h)).
Solution conductivity measurements could not be conducted on pure cement pastes. Their solution chemistry was therefore characterized by ICP analysis, as shown in Table III . On the basis of these data, the ionic strength was calculated to be 0.52 M for ordinary portland cement paste. 24 This value largely reflects contributions from its high alkali sulfate content. The conductivity of cement-PAA/PEO suspensions is shown as a function of hydration time in Fig. 6 . The results were corrected by subtracting out the background conductivity associated with the nonadsorbed PAA/PEO species in solution. The measured conductivity is directly related to the amount of dissolved ions in solution; thus, an increase or decrease in the solution conductivity with time reflects the dominance of particle dissolution or hydration product formation, respectively. The conductivity was observed to increase rapidly at short hydration times, followed by a gradual rise until a maximum value was obtained. A maximum solution conductivity of 11.7, 17.5, 17.6, 17.4, and 17.9 mS/cm was observed for cement suspensions containing PAA/PEO with varying PEO teeth length (i.e., 100, 700, 1000, 2000, and 3000 g/mol PEO). At the maximum conductivity values, characteristic hydration times of 0.27, 17.2, 19.5, 5.6, and 2.8 h were determined for these respective PAA/PEO species. Beyond these c , the conductivity Fig. 3 . Plot of the percent light transmittance as a function of (a) KCl, (b) CaCl 2 , and (c) LaCl 3 addition for dilute PAA and PAA/PEO solutions of pH 9, 9, and 7.8, respectively. The PAA species (OE) had a molecular weight of 5000 g/mol and the PAA/PEO species had constant PAA molecular weight (5000 g/mol) and acid:imide ratio (7:1), but varied widely in PEO molecular weight: (F) 100, (f) 700, () 1000, (9) decreased during the experimental times probed, except for cement-PAA/PEO100 suspensions, in which the conductivity increased once again at the onset of the induction period.
(4) Rheological Property Evolution of Concentrated Cement Systems
The GЈ evolution of pure cement pastes as a function of hydration time are shown in Fig. 7 . The four curves plotted correspond to cement pastes that were hydrated for ϳ5 min, 0.5 h, 1 h, and 1.75 h, respectively, before disrupting the evolving particle network under high shear. GЈ i values of ϳ10 4 Pa were observed for ordinary portland cement pastes at 6.5-min hydration. Interestingly, ordinary portland cement pastes experienced a twofold decrease in their GЈ i value with increasing hydration time before the onset of the acceleratory period (ϳ2 h). The high initial GЈ i values and their reversible GЈ(t) behavior (Ͻ2 h of hydration) are indicative of particle flocculation in a deep primary attractive minima, which is in good agreement with interparticle potential calculations (see Ref. 25) . At the onset of the acceleratory period (ϳ2 h), the paste could no longer be disrupted under high shear. Instrument limitations hindered our ability to make accurate measurements beyond these hydration times. 26 The GЈ i evolution of cement-PAA suspensions is shown in Fig.  8 . An initial GЈ i value of 10 Pa was approximately 3 orders of magnitude lower than observed for the pure cement pastes, indicating that PAA additions dramatically improve the initial stability of such systems. However, unlike our observations for the pastes or the cement-PAA/PEO suspensions described below, only a single GЈ(t) curve was developed in this system corresponding to a rapid, irreversible rise in GЈ. On applying high shear to disrupt the particle network in cement-PAA suspensions that were hydrated for 3-6 min, the measured GЈ i values fell along this master curve. After only 6 min of hydration, these suspensions stiffened irreversibly and there was no longer any recovery in GЈ i as compared with the plateau modulus value of ϳ10 5 Pa. The GЈ(t) evolution of cement-PAA/PEO100, cement-PAA/ PEO700, and cement-PAA/PEO3000 suspensions (w ϭ w*) are shown in Figs. 9(a)-(c) . Several curves are presented in each plot, corresponding to suspensions that were hydrated for varying times before disrupting the evolving particle network under high shear. The initial GЈ i values, which depended weakly on PEO molecular weight, ranged from ϳ6 to 50 Pa for PEO molecular weights of 100 to 3000 g/mol (t ϭ 6.5 min). These values were several orders of magnitude below those observed for pure cement pastes (10 4 Pa) and reflect the dramatic improvement in stability imparted by PAA/PEO species. In their initial quiescent state, these systems experienced a rapid buildup in GЈ as a function of hydration time (see first curve in each plot). However, on disrupting the particle network at short hydration times (Ͻ1 h), remarkable differences were observed between the GЈ(t) evolution of cement-PAA/ PEO700 -3000 and cement-PAA/PEO100 systems. The cement-PAA/PEO700 -3000 suspensions exhibited an order of magnitude or higher decrease in GЈ i when the hydration time increased from 6.5 min to 1 h. Even more striking, these suspensions experienced a gel-to-fluid transition that resulted in cessation of the GЈ evolution under quiescent conditions until the onset of the acceleratory period. At the onset of the acceleratory period, the particle network re-formed within the cement suspensions leading to the reappearance of a gel-like response. In sharp contrast, cement-PAA/PEO100 suspensions exhibited a gel-like response over all hydration times. Beyond these initial differences, GЈ i increased exponentially for all cement-PAA/PEO systems studied. For cement-PAA/PEO100 suspensions, the rise in GЈ i was sharp and approached a maximum of ϳ100 Pa at 2 h, after which GЈ i remained constant throughout the remainder of the induction period. For cement-PAA/PEO700 -3000 suspensions, the exponential rise in GЈ i was more gradual and increased with increasing PEO molecular weight. Beyond the onset of the acceleratory period, it became increasingly difficult to break down the particle networks under high shear and GЈ i increased rapidly. Initial set was defined when there was no longer any recovery in GЈ i as compared with the plateau modulus of ϳ10 5 Pa.
IV. Discussion
Our observations reveal that the rheological property evolution of concentrated cement suspensions depends strongly on PAA/ PEO comb polymer architecture. The remarkable differences observed between the GЈ evolution for pure cement pastes, cement-PAA suspensions, and cement-PAA/PEO suspensions highlight the important role of PEO teeth. For example, even comb polymers with the shortest PEO teeth (i.e., a few monomer units in length) yielded dramatic improvements in stability relative to pure PAA during initial hydration (Ͻ1 h) where the cement particle surface and solution chemistry are evolving rapidly. At longer hydration times (Ͼ1 h), the evolution of GЈ i , measured on disrupting the cement-PAA/PEO suspensions under high shear, followed an exponential dependence. Here, we discuss the origins of the GЈ(t) behavior for these systems with an emphasis on how PEO teeth enable comb polymers to impart stability to cement suspensions under conditions where pure PAA fails.
(1) Pure Cement Pastes
Ordinary portland cement pastes exhibited GЈ(t) behavior that was fully reversible until the onset of the acceleratory period at ϳ2 h. Beyond this hydration time, the pastes stiffened irreversibly; i.e., their particle network could no longer be disrupted under high shear. This transition is of interest, because it generally coincides with initial setting due to the nucleation and growth of calcium silicate hydrate (C-S-H) resulting from C 3 S hydration. 11 The observed stiffening strongly suggests that there is a fundamental change in the type of bonding between cement particles beyond this critical transition time. We attribute this to solid bridge formation at the contact points between particles within the flocculated network, as initially proposed by Lei and Struble.
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(2) Cement-PAA Suspensions PAA additions yielded enhanced initial stability for cement suspensions, as indicated by the 3 orders of magnitude decrease in their initial GЈ i values relative to pure cement pastes. However, cement-PAA suspensions exhibited a dramatic rise in GЈ with increasing hydration time in the quiescent state indicative of particle network formation. Surprisingly, this rapid, irreversible rise in GЈ did not occur near the onset of the acceleratory period, as it would for pure cement pastes or cement-PAA/PEO suspensions, but rather took place only minutes after the initial contact between cement particles and water. At such short hydration times, particle dissolution results in a rapid rise of solution ionic strength (conductivity), but not significant formation of solid products. This remarkable network formation (or setting) must therefore differ in origin from the formation of solid bridges at the contact points between particles within the network, as commonly accepted.
To explain our findings, we must explore why initial hydration leads to such rapid setting in the cement-PAA system. This behavior can be understood by examining the behavior of PAA molecules in dilute solution under analogous pH and ionic strength conditions. 18, 28, 29 We show that multivalent ions have a dramatic impact on solution stability at high pH values, where PAA is highly ionized. Such species promote aggregation of PAA via ion-bridging interactions, when the ratio [I]/[COO Ϫ ] exceeds unity. Analogous to the solution behavior, multivalent ion bridging also promotes the aggregation of PAA-coated particles in suspension; 20,30 -34 i.e., divalent Ca 2ϩ ions dissolved into solution during initial cement hydration are likely responsible for the observed, rapid setting behavior. We estimate the calcium ion concentration and [I]/[COO Ϫ ] ratio to be 0.022 M and 3.25, respectively. Therefore, we propose that the rapid setting of cement-PAA suspensions stems from ion-bridging effects, in which "bonds" comprised of polymeric bridges cross linked by multivalent ions form at the contact points between particles in a gelled network, as illustrated schematically in Fig. 10 .
(3) Cement-PAA/PEO Suspensions
The GЈ(t) evolution observed for cement-PAA/PEO suspensions at short hydration times (t Ͻ 1 h) was far different from that observed for pure cement pastes or cement-PAA suspensions. The addition of PAA/PEO species yielded dramatic improvements in stability to these suspensions over the entire range of PEO teeth lengths investigated. Their enhanced stability led to a significant decrease in the initial GЈ i values, i.e., roughly four orders of magnitude lower relative to initial values measured for the pure cement pastes, which was comparable to the initial values measured for the cement-PAA suspensions. Because PAA/PEO species impart a nearly identical degree of initial stability to cement suspensions as PAA, the primary contribution of the PEO teeth cannot simply be enhanced steric stabilization, as is commonly reported in the literature. 8, 9, [35] [36] [37] [38] [39] [40] [41] [42] In the quiescent state, cement-PAA/PEO suspensions exhibited a dramatic rise in GЈ with increasing hydration time indicative of particle network formation. Unlike cement-PAA suspensions, however, this particle network was easily disrupted under high shear. Both the network reversibility and phase behavior depended strongly on PEO teeth length. For example, cement-PAA/PEO suspensions prepared with the shortest PEO teeth length (100 g/mol PEO) exhibited a substantial rise in the initial GЈ values during the first hour of hydration and remained in a gelled state throughout the hydration process. In contrast, cement-PAA/PEO suspensions comprised of longer PEO teeth (700 -3000 g/mol PEO) became more stable when their particle network was disrupted during initial hydration (Ͻ1 h). After shearing, their GЈ i values were about 2 orders of magnitude lower after 1 h of hydration than those observed initially. Moreover, these systems became fully stabilized, as evidenced by a gel-to-fluid transition. Without dynamically probing their rheological property evolution, these remarkable observations would not have been uncovered.
The charge-neutral PEO teeth provide two important functions to improve the stability of concentrated cement suspensions. First, they shield the underlying polyelectrolyte (PAA) backbone from ion-bridging interactions with multivalent counterions in solution, as illustrated schematically in Fig. 10 . 18, 28, 29 We have shown that only a few monomeric ethylene oxide (EO) units (i.e., 100 g/mol PEO) are needed to protect PAA/PEO species from aggregating in solution in the presence of divalent ions. Mitigating these ionbridging interactions clearly prevents the rapid, premature stiffening observed for cement-PAA suspensions. Second, PAA/PEO comb polymers do not experience large size changes in response to variations in pH or ionic strength. 43 As a result, it is expected that the steric barrier they provide when adsorbed on cement particle surfaces is relatively insensitive to ionic strength changes stemming from cement hydration. Prieve and Russel have recently demonstrated that van der Waals (vdW) forces between colloidal particles are actually weakened as ionic strength increases. 44 Since ionic strength increases are substantial during ordinary portland cement hydration, we believe that the sudden drop in GЈ i and concurrent gel-to-fluid transition observed for the cement-PAA/ PEO700 -3000 suspensions likely reflect a weakening of the net attractive vdW interactions in this system. PAA/PEO comb polymers provide stability to concentrated cement suspensions well beyond the first few minutes of hydration where pure PAA fails. At longer times (Ͼ1 h), the cement-PAA/ PEO suspensions exhibited a rise in GЈ i proportional to exp(t/ c ) (see Fig. 11 ). Characteristic hydration times of 0.27, 17.2, 19.5, 5.6, and 2.8 h were determined for cement-PAA/PEO100, -PAA/ PEO700, -PAA/PEO1000, -PAA/PEO2000, and -PAA/PEO3000 suspensions, respectively, from the solution conductivity measurements. This dependence is significant, because it establishes a link between the rheological and hydration behavior of cement-PAA/ PEO suspensions through c as well as the generality of this relationship for cements containing comb polymers of varying architecture.
In the fluid state, the observed GЈ i evolution cannot be related to microstructural changes (e.g., bond strength increase) stemming from formation of a particle network, as the net interparticle interaction is repulsive in nature. Thus, one must view their observed elastic response in an alternate context by examining the behavior expected for concentrated colloidal fluids. 45 Lionberger and Russel 46 have studied model systems comprised of colloidal microspheres in index-matched solvents and have shown that their elastic modulus increases with increasing solids volume fraction. This dependence is relevant for cement systems, in which solid hydration products (e.g., ettringite and calcium-aluminate-sulfate monohydrate) form in solution as hydration proceeds. These products are known to have deleterious effects on the flow behavior of cement-polyelectrolyte suspensions, especially when the C 3 A/gypsum content is high. 11 Because these species grow in preferred, crystallographic directions that result in rodlike morphology, 10,47 they can occupy large excluded volumes (even at low actual volume fractions), giving rise to significant increases in the shear elastic modulus. We therefore propose that the primary mechanism responsible for the evolution of GЈ i observed beyond the deceleratory period is the creation of new solids. This finding is significant, because it contradicts our earlier hypothesis that such changes mainly reflect an increase in bond strength within the particle network. 3 This new interpretation is also better aligned with our observations that PAA/PEO comb polymers are highly robust additives that are insensitive to pH and ionic strength changes. 48 Nonadsorbed (or "free") PAA/PEO species in solution play an important role in inhibiting the nucleation and growth of solid hydration products, and thus, the irreversible changes in GЈ at long hydration times in cement-PAA/PEO suspensions. PEO teeth length has a direct influence on their adsorption behavior and, thus, the amount of such species that remain free in solution (see Fig. 4 ). In the absence of nonadsorbed species in solution, hydration products grow uninhibited in preferred, crystallographic directions. 10,47,49 -56 For example, C 3 A/gypsum hydration products preferentially form with long, rodlike morphology that can occupy large excluded volumes and result in a strong, exponential rise in the elastic shear modulus of concentrated cement suspensions. 10, 47 In the presence of nonadsorbed species in solution, however, preferential growth along certain crystallographic directions is inhibited, leading to a slower, more uniform growth in all directions. 49 -54,57 In cement-PAA/PEO suspensions with PEO teeth lengths between 700 and 3000 g/mol, there is a significant fraction of free species in solution that may suppress crystallographic growth of solid hydration products. As a result, cement-PAA/PEO700 -3000 suspensions have an exponential rise in GЈ i , where c ranges from 2.7 to 19.5 h. In sharp contrast, cement-PAA/PEO suspensions with the shortest PEO teeth (100 g/mol PEO) exhibited an exponential rise in GЈ i during the deceleratory period with a c value of 0.27 h. In this system, the PAA/PEO100 species are strongly adsorbed onto the cement particles, leaving few free species in solution to suppress rodlike growth. This sharp rise in GЈ i ceased at the end of the deceleratory period because C 3 A/gypsum hydration product formation (e.g., ettringite and monosulfate) proceeded so rapidly that, likely, the limiting reactant species (i.e., Al(OH) 4 Ϫ ) was completely consumed.
Nonadsorbed PAA/PEO species also have a marked effect on the nucleation of C-S-H and, thus, strongly influence the initial setting behavior of cement-PAA/PEO suspensions. 9 Such species bind Ca 2ϩ cations due to electrostatic interactions with the negatively charged PAA backbone. Thus, more cement dissolution must occur before the pore solution reaches the Ca 2ϩ , OH Ϫ , and silicate ion concentration needed for C-S-H nucleation. 58 We found that the onset of the acceleratory period depends linearly on free [COO Ϫ ] in solution, as shown in Fig. 12 , which is in good agreement with the previous observations reported by Yamada et al. 9 At the onset of the acceleratory period, the formation of calcium silicate hydrate (C-S-H) promotes the sharp rise in GЈ i . Cement-PAA/PEO700 -3000 systems undergo gelation that coincides with this onset, yielding a particle network that can still be partially disrupted under high shear well into the acceleratory period of hydration. Ultimately, these systems stiffen irreversibly (i.e., initial set), which we attribute to the formation of C-S-H solid bridges at the contact points between cement particles in the network.
V. Conclusions
We have studied the rheological property evolution of concentrated cement suspensions in the absence and presence of PAA and PAA/PEO comb polymers of varying PEO teeth molecular weight. Cement-PAA suspensions undergo rapid irreversible stiffening after only minutes of hydration due to ion-bridging interactions between adsorbed PAA species and divalent counterions that dissolve from the cement particles. In sharp contrast, the presence of PEO teeth comprised of only a few monomer units mitigate deleterious ion-bridging interactions, thereby promoting cement suspension stability under conditions where pure PAA fails. With larger PEO teeth (i.e., 700 -3000 g/mol), cement-PAA/PEO suspensions exhibit a remarkable gel-to-fluid transition during the deceleratory period. At longer times, all cement-PAA/PEO suspensions exhibited GЈ i ϳ exp(t/ c ) before the onset of the acceleratory period and a sharp rise in GЈ i after the onset of the acceleratory period. These findings were attributed to the hydration of C 3 A/gypsum and C 3 S, respectively, to form solid hydration products. The nonadsorbed PAA/PEO species interact with dissolved ions and solid nuclei to suppress the formation of solid hydration products, but, ultimately, the cement-PAA/PEO suspensions undergo initial set (i.e., C-S-H solid bridges form at the solid contacts of a gelled network). . The PAA/PEO species had constant PAA molecular weight (5000 g/mol) and acid:imide ratio (7:1), but varied widely in PEO molecular weight: (F) 100, (f) 700, () 1000, (9) 2000, (ࡗ) 3000 g/mol. Normalized PAA/PEO weight fractions (w/w*) of 0.6, 1.0, and 1.3 are indicated by light gray, dark gray, and black symbols, respectively. The dashed line is the best-fit to the data (correlation coefficient, R, is 0.94) intersecting the y-axis at 2 h (i.e., the set time for (ϫ) pure cement pastes).
